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ABSTRACT 
 
 The composition of the reinforcing fibre obtained from the recycling of scrap tyres was 
analyzed with a view to finding the most suitable applications for it. The material (RF) was 
separated into two different parts i.e. fibre (F) and microfibre (MF) to ensure the maximum 
homogeneity of the material under study. Thermogravimetric analysis (TG) together with 
differential scanning calorimetry (DSC) and infrared spectroscopy (FTIR) were used to 
identify the polymers present in the waste and to determine in what proportions they were 
present. Determination of the temperatures of maximum volatile matter evolution (Tmax), the 
yield at the end of the pyrolysis and the melting temperatures yielded very useful results for 
the identification of the polymers. In order to confirm the results obtained, pyrolysis of the 
pure polymers was carried out and the decomposition products were analysed. The results 
were then compared with the oil composition data derived from the pyrolysis of the waste 
fibres. Our results showed the presence of two polyamides, rayon, polyester and aramid.  
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1. Introduction 
Every year 1.2 billion scrap tyres are generated worldwide [1]. European legislation 
has established the following preferential order of environmental friendly management with 
respect to waste material: reduction, reuse, recycling and energy production. Waste 
reduction (or prevention) is the preferred approach to waste management because waste 
that is not created forestalls waste management costs. Moreover waste reduction also helps 
conserve resources for future generations and contributes to a cleaner environment. The 
percentage of tyres going to landfill has decreased in Europe drastically in recent years with 
a corresponding increase in the recovery of the materials as an alternative route for scrap 
tyre treatment [2]. The shredding of tyres is the normal mode of material recycling. In the 
process of size reduction, various fractions of rubber of different sizes are produced, together 
with steel and a product which is a fluff-like waste that is normally taken to landfill. This waste 
product is formed by textile fibres that are normally included in tyres as reinforcement. 
However, the main product of tyre recycling installations is rubber crumbs that are used in 
sports surfaces, as drainage material in roads or as an additive for asphalt. Apart from textile 
fibres, the fluff contains a certain amount of rubber that is difficult to separate. It has been 
reported [3] that tyre recycling plants produce, about 65%, 20% and 15% of crumb rubber, 
steel and waste fluff, respectively.  
Three basic components are obtained from scrap tyres: rubber materials, steel and 
fibre. While there is a market for the rubber portions of the waste tyre, the steel and 
especially the fibre is more difficult to sell. Depending on the type of mechanical processing 
employed, steel is contaminated to varying degrees with rubber, making it more difficult to 
recycle. Compacted steel has a high value for the scrap steel processor. In the case of fibre, 
the problem is its great heterogeneity as it contains more than one type of textile. The 
presence of rubber and steel also make it extremely difficult to recycle. 
Tyres are made of styrene-butadiene copolymer (SBR), natural rubber and poly-
butadiene together with reinforcing materials (steel and polymeric fibres). All the materials 
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used are 100% recyclable. Moreover, their chemical and physical properties make them a 
highly valuable resource [4-6]. 
 The pyrolysis of tyre rubber has been the subject of investigation for many years [5-
10], in an attempt to find a use for its three main products (i.e. char, gas and oil). In addition 
the thermal decomposition of elastomers that are also present in tyre rubber has been 
studied in depth [11-14]. Yet so far the reinforcing fibre that is recovered as a waste in tyre 
shredding factories has received little attention [15-18]. The aim of the present work is to 
identify the fibres that are present in the waste recovered from tyre grinding factories to help 
in finding a use for this waste. 
2. Materials and methods 
2.1. Materials 
The reinforcing fibre (RF) recovered from tyre recycling as a waste is a very 
heterogeneous product. It was therefore separated into two parts by sieving in order to 
improve the reproducibility of the results. One type of fibre made up of cords impregnated 
with rubber has been labelled simply fibre (F) with a size of approximately 18 mm x 10 mm x 
4 mm, while the other type has been labelled microfibre, (MF), due to its appearance as a 
fluff and the presence of fine rubber crumbs stuck to it. Figure 1 shows an image of the two 
different components of the RF (i.e. F and MF), whose composition is thought to be different 
in view of their different mechanical behaviours in the process of scrap tyre size reduction. 
After the separation process RF was found to be composed of 54 wt.% of F and 46 wt.% of 
MF. Tyre rubber in the form of crumbs (TC) was also included in the study due to its 
presence in the composition of RF. The pure polymers used in this study were commercial 
grade polyester Dacron ® (Da), the polyamides Nylon 6 (Ny6) and Nylon 6,6 (Ny6,6), 
Rayon® (Ra) and aramid provided by Intexter (Spain). Proximate analyses were performed 
following the ISO562 and ISO1171 standard procedures for volatile matter and ash content, 
respectively. The elemental analysis was determined by means of a LECO CHN-2000 for C, 
H and N, a LECO S-144 DR for sulphur and a LECO VTF-900 for direct oxygen 
determination.   
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To be able to identify the polymers present in the reinforcing fibre, the analysis of F 
and MF was carried out using samples where the rubber had been eliminated by means of a 
sieve shaker machine that removes fine rubber particles. The elemental analysis of the 
cleaned F and MF has been included in Table S1. 
2.2. Infrared spectroscopy 
 Fourier transform infrared spectroscopy (FTIR) spectra were recorded on a Nicolet 
Magna-IR560 spectrometer, an attenuated total reflectance (ATR) accessory being used to 
obtain the spectra of the fibre (F), the microfibre (MF) and the pure polymers. Data were 
collected in the range of 400 cm-1 to 4000 cm-1 with 32 scans for each sample. The resolution 
was 4 cm-1. 
2.3. Thermal analysis (TG/DTG/DSC) 
 The TG/DTG analysis of the fibre, microfibre, reinforcing fibre and pure polymers was 
carried out using a TA Instruments SDT Q600 thermoanalyser which allows the simultaneous 
detection of mass changes and heat effects during the decomposition of the samples. 
Samples of 10 mg were heated to 950 °C at a rate of  10 °C/min under a nitrogen flow of 100 
ml/min. From the data obtained by thermogravimetric analysis the volatile matter evolved up to 
a specific temperature (VMT) and the derivative of the weight loss curve (DTG curve) were 
calculated. In addition, Tmax, the temperature of maximum volatile matter evolution was derived 
from the TG/DTG curves. Differential scanning calorimetry (DSC) was carried out using the 
same equipment as that used for thermogravimetric analysis. Samples of 10 mg were heated 
up to 400 °C at 10 °C/min. The tests were performed  under a nitrogen flow of 100 ml/min. α-
Alumina was the reference material used for the DSC measurements. Pt:Rh thermocouples 
placed at the bottom of the crucibles were used to measure the temperature which was 
calibrated with the melting peaks of high purity zinc, aluminium and silver. To calibrate the heat 
flow, sapphire was used. The melting point (Tm) was taken as the maximum of the endothermic 
peak.  
2.3. Pyrolysis in a fixed bed horizontal oven (FB) 
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 For each pyrolysis experiment a sample of 3-4 g of the reinforcing fibre (RF), the 
microfibre (MF), polyester Dacron ® (Da), the polyamides Nylon 6 (Ny6) and Nylon 6,6 
(Ny6,6), Rayon® (Ra) was introduced into a cylindrical quartz reactor (32 cm long x 2.2 cm 
diameter) that was heated in a horizontal electrically-heated oven at 5 °C/min to a final 
temperature of 850 °C. During pyrolysis, the liquid  products were collected using an ice-
cooled trap. The char and liquid product yields were calculated relative to the starting 
material, while the gas yield was calculated by difference. The data reported is the average 
of at least two pyrolysis experiments. 
2.4. Gas chromatographic analysis 
Gas chromatographic analyses of tars were carried out on an Agilent Model 6890 
Series II gas chromatograph equipped with flame ionization and mass spectrometry 
detection (GC-FID-MS). The separations were carried out using a fused-silica capillary 
column (HP-5MS) of length 30 m and I.D. 0.25 mm. The temperature was programmed from 
50 to 295 °C at a rate of 4 °C/min, the final tempe rature being held for 10 minutes. Helium 
was used as the carrier gas and split ratios of 1:200 and 1:50 were employed in the front 
(MS) and back (FID) injectors respectively. The detector and injector temperatures were 300 
°C and the volume of sample injected was 1 µl.  
 
3. Results and discussion 
3.1. Main characteristics of the materials used 
The proximate and elemental analysis results of the two main components (MF and F) 
separated from the as received reinforcing fibre are presented in Table 1 together with those 
of the reinforcing fibre (RF). Since the reinforcing fibre contains rubber, the main 
characteristics of the rubber (obtained at the same time from the same factory) have also 
been included in Table 1. From the proximate analysis it can be seen that MF presents the 
highest volatile matter content and lowest ash content. F presents values that are very 
similar to TC which would appear to indicate that the weight percentage of rubber present in 
F is higher than that of MF. Again, F shows an elemental composition that is similar to TC, 
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both of them exhibiting a high carbon content of around 78 wt.%db. In contrast MF has lower 
carbon content (57 wt.%db) but a higher oxygen content than F (31.2 vs. 7.8 wt.%). Because 
F has a higher carbon content, the C/H atomic ratio is higher for F than in the case of MF. 
3.2. Infrared spectroscopy of fibres 
Infrared spectroscopy is a very useful technique for identifying the type of bonds 
inside a molecule. For this reason it is commonly used to identify the functional groups 
present in polymers [19-25]. The pure polymers together with MF and F were studied by 
means of FTIR to see if the bands characteristic of pure polymers are present in MF and F. 
Table S2 displays the band assignment used to identify the characteristic bands. Figure 2.a 
shows the spectra corresponding to Da, Ra, polyamide and the MF. Various vertical lines 
have been drawn in the Figure to make it easier to identify the common bands. Da is an 
aromatic ester and so it presents three intense characteristic bands near 1720, 1245 and 
1100 cm-1 which are due to C=O, C-C-O, O-C-C stretching respectively [19] and correspond 
to bands F, J and K in Figure 2.a. These characteristic bands are clearly observed in the 
spectrum of the microfibre. The spectrum of Ny6,6 and Ny6 present the same bands. 
Therefore only one has been included as an illustration. Ny6 is a secondary amide and this 
type of compound shows only one N-H stretching band in its infrared spectra, in this case at 
3301 cm-1 (Band B in Figure 2.a). The bands at 2922 and 2855 cm-1 correspond to 
asymmetric and symmetric CH2 stretching respectively (bands C and E in Figure 2.a). The 
C=O bond in the amides gives rise to strong C=O stretching bands. The conjugation between 
the carbonyl group and the amide nitrogen, causes the C=O stretching band to appear at a 
lower wavenumber than in ketones and esters [22]. In the present case a strong band 
appears at 1640 cm-1 (band G in Figure 2.a). The in-plane bending vibration of N-H in Ny6 
appears at 1544 cm-1 (band H in Figure 2.a). Ra owes its presence to that of band K that is 
characteristic of the pure polymer. Figure 2.b shows the FTIR spectra of F together with the 
spectra corresponding to aramid, Da and Rayon. The bands characteristic of Da appear at 
1720 cm-1, 1245 cm-1 and 1100 cm-1 (bands F, J and K in Figure 2.b respectively), all of 
which appear in F. The most characteristic bands associated with aramide appear at 3301 
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cm-1 attributed to N-H stretching (band B in Figure 2.b), while another appears at 1640 cm-1 
(band G in Figure 2.b) related to the stretching of the C=O bond and a third at 1544 (band H 
in Figure 2.b) due to the bending vibration of the N-H bond. In the spectrum of F the bands 
corresponding to Da and aramid are apparent. Ra is a derivative of cellulose and in the 
spectrum a broad band due to hydrogen-bonded OH stretching at ca. 3500-3200 cm-1 is 
observed together with C-H stretching at 2900 cm-1, the C-H deformation vibration at 1375 
cm-1 and the C-OC, C-C-O and C-C-H deformation modes and stretching vibrations in where 
the motions of the C-5 and C-6 atoms are at 900 cm-1 [21,22]. The spectrum corresponding 
to F presents the most characteristic bands present in rayon (i.e. bands A, D, I, K and L in 
Figure 2.b).  
 3.2. Thermal analysis of the reinforcing fibre 
The curves in Figure 3 correspond to the decomposition of MF, F, RF and the tyre 
rubber (TC). The thermal decomposition of MF and RF shows three overlapping stages, 
while the curve corresponding to F decomposition shows two clearly differentiated steps. The 
curve corresponding to TC presents two main stages. The details of all of the decomposition 
stages are presented in Table 2. To facilitate the identification of the decomposition steps, 
those occurring at similar temperatures have been situated in the same row.   As can be 
seen, TC loses 9.3 wt% of volatile matter up to 300 °C which is ascribed in the literature to 
extender oils and additives used in the preparation of the tyres [12,26]. The following steps in 
the thermal decomposition of TC have been assigned to the presence of natural rubber 
(Tmax= 378 °C) and a blend of butadiene rubber with  styrene-butadiene rubber (Tmax= 427 
°C). All the materials included in the study lose m ost of their volatiles in the temperature 
range between 300 and 500 °C. The reinforcing fibre  presents a devolatilization step at 347 
°C which corresponds to the first step in the therm al decomposition of MF and F at 
temperatures of 349 and 343 °C respectively. The ne xt steps in the decomposition of RF in 
rising order of temperature correspond to the decomposition of rubber at 382 °C and at 422 
°C. The latter appears also in F and in TC at 423 a nd 427 °C respectively. F shows a small 
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peak at 570 °C which could correspond to the decomp osition of a high thermal stability 
polymer like aramid as shown by FTIR.  
For the identification of MF and F the following fibres were selected: Rayon (Ra), 
Nylon 6 (Ny6), Nylon 6.6 (Ny6.6), polyester Dacron (Da) and aramid as indicated by the 
results of FTIR. The parameters derived from the decomposition test have been included in 
Table 3, the DTG curves have been included as Figure S1. The pure polymers present a 
single peak that corresponds to their complete thermal decomposition, except in the case of 
Ny6,6 that presents two steps. The initial and final temperatures of decomposition,Ti,5% and 
Tf,95% respectively, have been included in Table 3 and correspond to the temperatures at 
which mass losses of 5 and 95 % respectively were observed. Ra starts to decompose at a 
lower temperature than the other polymers 292 vs 396, 386, 382 and 524 °C. The 
temperature needed to attain 95 % decomposition is also lower for Ra than for the other 
three polymers. The temperature of maximum volatile matter evolution of Ra is 347 °C (Table 
3) which corresponds to the first devolatilization step of F and MF (343 and 349 °C 
respectively). Da, Ny6 and Ny6,6, present a similar temperature range of decomposition, 
making it more likely that interactions between them could occur. For this reason the Ny6:Da 
and Ny6,6:Da blends were tested. Figure 4a contains the devolatilization profile obtained for 
blends of Ny6 and Da in various ratios i.e. 20:80, 50:50, 70:30 and 80:20, whereas Figure 4b 
shows the DTG curves corresponding to the decomposition of blends of Ny6,6 and Da in 
various ratios i.e. 30.80, 50:50 and 70:30. The DTG curve (Figure 4a.) corresponding to the 
blend Ny6/Da 20:80 presents a broad band in which two maxima are visible at 397 and 426 ° 
C with a similar DTG value (see Table 3). Moreover the amount of volatile matter evolved up 
to 400 °C, which is around 7% in the case of the si ngle polymers, increases to nearly 22% in 
this blend. Therefore, the thermal decomposition of the blend occurs at a lower temperature 
than that of any of the pure polymers. At 450 °C th e pure polymers have lost 60.7 and 84.5 
% of their volatiles but in the case of the blends this percentage increases with the increase 
in Ny6 in the blends, up to 94.6% for the 50:50 blend, after which it decreases to 88.7% for 
the blend 80:20. At 500 °C the pure polymers and th e blends have lost more than 90 % of 
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their volatile matter. Although it is evident that interaction occurs during the thermal 
decomposition of the blends Ny6/Da, this is not reflected in the char yield: the experimental 
values are similar to those calculated taking into account the blend composition and the char 
yield of the pure polymers. In the case of blends Ny6,6/Da (Figure 4b, Table 3) the situation 
is similar. The volatile matter evolved up to 400 °C increases with the amount of Da present 
in the blend from 30 to 70 wt% although Da evolves a lower amount of volatiles up to 400 °C 
than Ny6,6. The maximum decomposition rate for the blend Ny6,6/Da (30:70) occurs in two 
stages, although these take place at similar temperatures i.e. 411 and 416 °C. Increasing the 
amount of Ny6,6 in the blend leads to the appearance of two decomposition steps that 
appear over a higher temperature range (i.e. 40 degrees in the case of the blend Ny6,6/Da 
50:50 and 48 degrees in the case of the blend Ny6,6/Da 70:30). Da and Ny6,6 both present 
a decomposition peak at 433 °C. In the case of blen ds 70:30 and 50:50, this peak 
disappears, while another peak appears at higher temperatures (457 and 461 °C) indicating 
that some reaction occurs between the two polymers. When the percentage of Da is greater 
than that of Ny6,6, no reaction occurs and decomposition takes place at a lower temperature 
(411-416 °C).  
 The interaction between the two polymers can be attributed to the fact that, during 
the blending of condensation polymers, chemical reactions occur that give rise to the 
formation of copolymers [27-31]. Compatible systems usually lead to the additivity of 
properties. However with incompatible polymer blends the final properties will be determined 
by those of the pure polymers, the geometrical arrangements of the two phases, their 
morphology, the extent of interpenetration and the nature of the interface [29]. Samperi [32] 
working with blends of Nylon-6 and Poly(ethylene terephthalate) which contain within their 
structure a reactive functional group, observed reactions of chemical exchange when these 
polymers are blended in a molten state, producing a compound with different properties. This 
indicates that polyester–polyamide copolymers are formed through an ester–amide 
interchange reaction during the melt blending of polyester and polyamide [32]. Other authors 
[33,34] have characterized the ester–amide interchange reaction of polyethylene 
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terephthalate (PET) and polyamide (PA) catalyzed by p-toluenesulfonic acid using DSC, 1H 
and 13C NMR. Yet other authors have suggested that due to the chemical structure of the 
PET and PA, the interaction could be a consequence of the formation of hydrogen bonding 
between the carbonyl group in PET and the hydrogen in the amide group in PA [35]. 
 DSC analysis has been widely employed to characterize polymeric materials [36-41]. 
In order to elicit more information on the characteristics that might help to identify the various 
polymers that form the tyre reinforcing fibre, differential thermal analysis was performed. 
Figure 6 shows the variation in heat flow for the pure polymers Ny6, Ny6.6, Da and two 
binary blends (Ny6:Da 20:20 and Ny6,6:Da 50:50. The curves corresponding to the 
microfibre (MF) and the fibre (F) together with the melting temperatures have also been 
incorporated in the graph. Ra does not melt, it gives an endothermic peak at around 70 °C 
which corresponds to the dehydration process and another peak at a higher temperature 
which is related to its pyrolytic decomposition [42]. Aramid fibre was also tested but no 
melting was detected. The melting temperatures of Ny6, Da and Ny6,6 measured in this work 
were 223, 257 and 260 °C respectively, the associat ed enthalpies being 53.7, 43.1 and 75.2 
J/g for Ny6, Da and Ny6,6. The values obtained in the present research work agree with 
those in the literature. Melting temperatures of 255 and 257 °C have been reported for Da 
with associated enthalpies of between 36.07 and 43.20 J/g [36-38]. Melting temperatures 
found in the literature for Ny6 [16, 39, 40] vary between 219 and 221 °C. In the case of Ny6,6 
the melting temperature lies between 259 and 262 °C  [16, 40, 41]. 
The blend Ny6,6/Da produces a unique melting peak (Tm= 260-261 °C) with 
enthalpies that increase from 29.13 to 41.83 J/g with the amount of Ny6,6 in the blend. 
The blend Ny6/Da presents two endothermic peaks at almost the same temperature 
values as the homopolymers (see Figure 5). These results indicate that at this temperature 
very moderate or no reaction exchange has occurred. Similar results have been reported in 
the literature [32]. 
 The DSC curve corresponding to the microfibre (MF) is similar to that of the blend 
Ny6/Da with two melting peaks which occur at similar temperatures. In the case of F, there is 
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only one melting peak at Tm= 256 °C. Taking into co nsideration the results shown in Figure 
2, this peak should correspond to Da. From the results derived from FTIR, thermogravimetric 
analysis and DSC, it can be concluded that F is composed of Da, Ra and aramid. 
The results obtained from thermogravimetric analysis suggest that the microfibre 
includes a blend of Ny6,6 and Da. The DTG curve corresponding to the blend 70:30 has two 
distinct decomposition stages at 409 and 457 °C (Ta ble 3) that could correspond to the last 
two peaks of the decomposition of the MF that occurs at around 400 and 450 °C (Table 3). 
Although some Ny6:Da blends (70:30 and 80:20) appear to present two decomposition steps 
at similar temperatures to MF, they are more likely to be a main decomposition stage at 
around 400 °C and a shoulder at around 450 °C). On the other hand, the results from DSC 
indicate that Ny6 is the polymer that appears in the microfibre because both the Ny6:Da 
blend and MF present two melting peaks at the same temperatures (220 and 260 °C). As a 
consequence ternary blends that included Ny6, Ny6,6 and Da were prepared. Table 4 shows 
the parameters derived from the thermal analysis of the blends containing Ny6,6, Ny6 and 
Da. The composition of the blends was adjusted to try to resemble the last two 
decomposition peaks of the curve corresponding to MF (Figure 4, Table 3) taking into 
account also the results obtained for the binary blends in Table 3. The temperature at which 
the decomposition of 5% of the sample (Ti, 5%) is attained is very similar for the four blends 
tested and very similar to that of Ny6,6 and Ny6  (i.e. 382 and 386 °C respectively). On the 
other hand, the temperature that corresponds to 95% devolatilization (Ti, 95%) is higher in the 
case of the blends with a higher amount of Da in their composition. The blends with the 
compositions Ny6,6:Ny6:Da 30:20:50 and 40:25:35 (Table 4) present two peaks which can 
be associated to those that appear in the decomposition of MF. The differences in the 
temperatures of maximum devolatilization rate (Tmax) associated to these peaks together 
with the relative values of the DTGmax for these peaks point to blend Ny6,6:Ny6:Da 
40:25:35 as being the one which resembles last two peaks of the DTG curve of MF. The 
melting points of the ternary blends are very similar to those of MF (Table 4). The DTG 
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curves corresponding to the ternary blends have been included in the supplementary 
material (Figure S2).  
3.3. Chromatographic analysis of the pyrolysis oils 
 The information derived from the study of the thermal behaviour of the selected 
polymers can be considered insufficient to explain the composition of the reinforcing fibre, 
specially to confirm the presence of Ny6 or Ny6,6 in the microfibre. Consequently the 
chemical composition of the volatile matter that evolves during their pyrolysis was 
determined by means of gas chromatography. In this way it was be possible to identify 
typical compounds derived from the pyrolysis of the pure polymers in the oil from the 
reinforcing fibre (RF). Most of the papers published deal with the oil derived from tyre crumbs 
[43,44] because little work has been published on the composition of the oil obtained from 
reinforcing fibre [9, 45]. The polymers, the microfibre and reinforcing fibre were pyrolyzed to 
a final temperature of 850 °C. The oil, coke and ga s yields corresponding to the pyrolysis 
tests carried out are shown in Table 5. Data corresponding to F have not been included 
considering the high contribution of rubber to its mass balance. Of the pure polymers, rayon 
and polyester (Da) present the highest char yield. The values obtained for RF and MF are 
higher due to the presence of rubber which produces a greater char yield [46]. Da produces 
a greater amount of gas due to the generation of CO2 during the decomposition of the 
polyester [47]. The main pyrolysis product derived from the two polyamides tested is oil. The 
oils obtained from pyrolysis were solubilized in dichloromethane (DCM) and analysed by 
means of gas chromatography in order to identify the most characteristic decomposition 
products of the oils from the polymers present in the oil derived from the reinforcing fibre and 
the microfibre.  
It was not our objective to make a detailed identification of the volatile compounds that are 
present in the oils but to identify the most characteristic decomposition products. Figure 6 
shows the chromatograms corresponding to RF, MF, Da, Rayon, Ny6 and Ny6,6. The 
chromatograms evidence the great complexity of the oils and the difficulties involved in 
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identifying the compounds. The main compounds identified by means of GC-MS were 
included in the caption of Figure 6. 
The most abundant compound in the oil derived from the reinforcing fibre was 
limonene (C10H16) which is a cyclic terpene that contains two units of isoprene and owes its 
presence in the oil to the decomposition of rubber that is present in RF. Ny6,6 decomposes 
to produce mainly cyclopentanone while Ny6 produces caprolactam [48]. However the 
thermal degradation of polyester produces CO2 and CO, together with volatile aromatics 
such as toluene, biphenyl, phenanthrene and benzoic acid [50]. As in the case of cellulose, 
Rayon decomposes producing furan compounds such as furfural and derivatives [51]. 
 From the total ion chromatogram (TIC) of the reinforcing fibre and the microfibre 
selected ions, characteristic of the decomposition of the pure polymers, were extracted 
(Figure S3). Cyclopentanone (m/z=84) and caprolactam (m/z=113) obtained from the 
polyamides; furfural (m/z=96) and methylfurfural (m/z=110) derived from the decomposition 
of rayon; and benzoic acid (m/z=122) and biphenyl (m/z=154) characteristic of the 
decomposition of Da. The presence of these products confirms that Ny6,6, Ny6, Da, and Ra 
are present in the composition of the MF. 
4. Conclusions 
Waste reinforcing fibre is composed of two cords of different composition (F and MF) 
taking into account their different mechanical behaviour in the process of size reduction of 
scrap tyres. FTIR was useful to reveal the polymers that were present in the waste 
reinforcing fibre. Thermal analysis showed that the microfibre (MF) was composed mainly of 
Ra, Da, Ny6,6 and Ny6. DSC revealed the presence of two melting peaks corresponding to 
the blend of Da, Ny6,6 and Ny6. Ra did not show any melting peak when DSC was used.  
From the FTIR results and thermal analysis it was concluded that F, included aramid, Da and 
Ra. Pyrolysis of the waste reinforcing fibre was carried out and the oil obtained analysed and 
compared to that derived from the pure polymers in order to confirm the presence of Ny6 and 
Ny6,6 in the microfibre. It was found that the main decomposition compounds from the pure 
polymers were present in the pyrolysis oil of the reinforcing fibre. The results indicate that 
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Ny6,6 and Ny6 are both present in the microfibre.  It can be concluded that the reinforcing 
fibre is composed of Ny6,6, Ny6, Da and Ra (MF) and Ra, Da and aramid (F). The procedure 
here explained to identify polymers in a blend, can be useful to identify the components of 
other blends.  
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Table 1. Main characteristics of the raw materials.  
  TC F MF RFd 
VMa (wt.% dbb) 65.5 66.5 e 80.4 e 72.9 
Ash(wt.% db) 7.5 6.0f 3.0 f 4.6 
C (wt.% db) 78.5 77.6 57.2 68.2 
H (wt.% db) 7.0 7.0 6.3 6.7 
N (wt.% db) 1.3 0.4 2.0 1.1 
S (wt.% db) 2.13 1.48 0.51 1.03 
O (wt.% db) 3.9 7.8 31.2 18.6 
C/Hc 0.93 0.92 0.76 0.85 
a: volatile matter (ISO562), b: dry basis, c: atomic ratio,   d: calculated from the data of F and MF considering 54 
wt% of F and 46 wt% of MF, e: from thermogravimetric analysis. 
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Table 2. Parameters derived from the thermogravimetric analysis of F, MF, RF and TC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aVMT: volatile matter evolved up to a specific temperature (T) and normalized to 100 %. 
b
 DTGmax: Rate of maximum volatile matter evolution. 
c
 Tmax: Temperature of maximum volatile matter evolution. 
d
 CY: Char yield at 950 °C. 
 F MF RF TC 
MV300a 8.1 3.4 8.3 9.3 
MV400a 62.5 50.7 59.8 52.3 
MV500a 94.3 97.4 95.5 94.9 
T1 maxc (ºC) 343 349 347 -- 
DTGmax1b (%/min) 9.00 4.20 4.33 -- 
T2 maxc (ºC) -- 396 382 378 
DTGmax2 b (%/min) -- 8.93 5.43 4.95 
T3 maxc (ºC) 423 444 422 427 
DTGmax3 b (%/min) 7.42 5.90 4.33 4.45 
T4 maxc (ºC) 570 -- -- -- 
DTGmax4 b (%/min) 0.23 -- -- -- 
CYd(%) 12.8 11.5 27.7 34.3 
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Table 3. Parameters derived from the thermal decomposition of the polymers and different blends of the polymers selected as components of 
the microfibre and fibre. 
 
 Rayon Da Ny6 Ny6,6 Aramid Ny6:Da 20:80 
Ny6:Da 
50:50 
Ny6:Da 
70:30 
Ny6:Da 
80:20 
Ny6,6:Da 
70:30 
Ny6,6:Da 
50:50 
Ny6,6:Da 
30:70 
Ti, 5% (°C) 292 396 386 382 524 385 383 377 384 394 392 3 90 
Tf, 95% (°C) 443 495 471 463 709 467 454 459 462 474 474 4 76 
MV300a 6.84 0 0 0 1.4 0 0 0 0 0 0 0 
MV400a 93.4 6.6 8.2 17.7 2.5 21.4 32.4 39.1 21.7 8.6 11.9 15.3 
MV450 95.2 84.5 60.7 85.9  90.2 94.6 92.8 88.7 70.7 77.8 89.4 
MV500a 96.6 95.2 99.7 99.3 3.0 96.8 97.4 98.6 99.2 98.9 98.4 96.9 
T1 maxc (ºC) 347 433 453 418 -- 397 401 402 407 409 421 411 
DTGmax1b 
(%/min) 24.44 19.36 19.93 16.55 -- 12.40 27.09 30.18 25.65 17.07 16.15 22.50 
T2 maxc (ºC) -- -- -- 433 -- 426 409 452 448 457 461 416 
DTGmax2 b 
(%/min) -- -- -- 15.68 -- 13.91 23.94 2.43 5.50 11.47 7.13 21.80 
T3 maxc (ºC) -- -- -- -- 581 -- -- -- --  -- -- 
DTGmax3 b 
(%/min) -- -- -- -- 21.43 -- -- -- --  -- -- 
CYd(%) 7.7 17.8 1.7 3.1 35.8 14.7 10.5 5.6 4.3 5.9 9.7 11.6 
 
aVMT: volatile matter evolved up to a specific temperature (T) and normalized to 100 %. 
b
 DTGmax: Rate of maximum volatile matter evolution. 
c
 Tmax: Temperature of maximum volatile matter evolution. 
d
 CY: Char yield at 950 °C
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 Table 4. Parameters derived from the thermal analysis of ternary blends. 
 
aVMT: volatile matter evolved up to a specific temperature (T) and normalized to 100 %. 
b
 DTGmax: Rate of maximum volatile matter evolution. 
c
 Tmax: Temperature of maximum volatile matter evolution. 
d
 CY: Char yield at 950 °C. 
eTm: melting temperature. 
f
 ∆Hm: Enthalpy of melting. 
 
  
 
Ny6,6:Ny6:Da 
50:20:30 
 
Ny6,6:Ny6:Da 
20:50:30 
 
Ny6,6:Ny6:Da 
30:20:50 
 
Ny6,6:Ny6:Da 
40:25:35 
 
Ti, 5% (°C) 386 385 383 386 
Tf, 95% (°C) 473 467 481 471 
MV300a 0.71 0.52 0.63 0.92 
MV400a 15.4 21.5 21.6 18.2 
MV450 72.9 84.3 86.0 77.5 
MV500a 98.7 98.7 96.0 98.1 
T1 maxc (ºC) 403 404 413 405 
DTGmax1b 
(%/min) 17.55 
 
23.37 
 
 
21.75 
 
 
20.46 
 
T2 maxc (ºC) 408 409 -- -- 
DTGmax2 b 
(%/min) 
 
16.88 
 
 
22.79 
 
-- -- 
T3 maxc (ºC) 455 452 453 456 
DTGmax3 b 
(%/min) 10.25 6.83 3.80 8.69 
CYd(%) 5.2 4.3 10.2 5.8 
Tm1e (°C) 222 224 218 217 
∆Hm1 (J/g) 10.84 28.58 12.59 16.12 
Tm2 e  (°C) 260 260 257 257 
∆Hm2 (J/g) 32.69 14.48 35.18 36.05 
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Table 5.  Pyrolysis yield of the polymers, reinforcing fibre and microfibre. 
  Rayon Da Ny 6 Ny 6,6 RF MF 
Char 18 22 7 13 30 30 
Tar 64 44 89 73 56 49 
Gas 18 34 4 14 14 21 
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Figure 1.  Photograph of the fibre (F) a) and microfibre (MF) b) that constitute the reinforcing 
fibre (RF) obtained in the process of size reduction of tyres. 
  
  
a b 
 26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. FTIR-ATR spectra corresponding to the pure polymers, a) MF and b) F. 
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Figure 3. Derivative of the mass loss curve corresponding to the microfibre (MF), the fibre 
(F), the reinforcing fibre (RF) and the rubber (TC). 
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Figure 4. DTG curves of blends of (a) Da and Ny6 and (b) Da and Ny6,6. 
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Figura 5. DSC curves corresponding to MF, F, Da, Ny6 and their blends. 
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Figure 6. TIC chromatograms of RF, MF and pure polymers. 1: cyclopentanone; 2: 
dimethylcyclohexene; 3: furfural; 4: furanmethanol; 5: ethylbenzene; 6: xylene; 7: styrene; 8: 
hexanitrile; 9: ethylmethylbenzene; 10: methylfurfural; 11: benzonitrile; 12: limonene; 13: 
acetophenone; 14: methylbenzonitrile; 15: aminohexanitrile; 16: benzoyl isothiocyanate; 17: 
benzoic acid and derivatives; 18: naphthalene; 19: benzothiazole; 20: hydroxymethyl 
furancarboxaldehyde; 21: caprolactam; 22: benzenedicarbonitrile; 23: methylnaphthalene; 
24: ethylmethylbenzoate; 25: biphenyl; 26: dimethylnaphthalene; 27: ethyl cyanobenzoate; 
28: dimethylquinoline; 29: trimethylnaphthalene; 30: fluorene; 31: benzenedicarboxylic acid, 
diethyl ester; 32: heptadecane; 33: fluorenone; 34: phenanthrene; 35: N-hexylbenzamide; 36: 
heptadecanonitrile; 37: terphenyl; 38: triphenylene.  
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3. Results and discussion 
Table S1. Elemental analysis of F and MF free of rubber.  
  F MF 
C (wt.% db) 57.7 47.8 
H (wt.% db) 5.3 6.6 
N (wt.% db) 0.7 2.5 
O (wt.% db) 38.2 37.5 
C/Ha 0.9 0.6 
a: atomic ratio 
 
 
Table S2. Assignement of IR bands. 
Band position (cm-1) Assignment of spectral bands Assignment in 
Figures 7, 8 and 9 
3500-3200 ν  O-H A 
3301 ν  N-H B 
2922 νas –CH2- C 
2990-2795 ν aliphatic C-H D 
2855 νs –CH2- E 
1720 ν –C=O F 
1640 Conjugated –C=O G 
1544 σ  N-H H 
1375 σ O-H I 
1245 ν C-C-O J 
1100 ν C-C-O K 
895 ρ CH2 L 
 
ν – stretching vibration, σ – bending vibration, ρ – rocking vibration, s – symmetrical, as- asymmetrical,  
  
  
 
 
 
 
Figure S1. DTG curve corresponding to the pure polymers. 
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Figure S2. DTG curves corresponding to the ternary blends.
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Figure S3 . Ions extracted from the TIC chromatogram of RF and MF. 
 
Taking into consideration all the results presented here, an attempt was made 
to resemble the DTG profile of MF and F. In the case of the MF the DTG curve 
corresponding to the ternary blend 40:25:35 (Ny6,6:Ny6:Da) appeared to fit the last two 
peaks of the devolatilization profile of MF. The first peak in the DTG profile of MF 
should correspond to Ra. Then, considering the DTGmax values of the ternary blend 
and that of Ra (Tables 3 and 4) a mixture 80:20 was tested, the DTG profile of this 
mixture compared with that of F is shown in Figure S4. In the case of F, the char yield 
of pure polymers together with the DTGmax of the decomposition stages were 
considered to find that F can be composed of a 1:1 blend of Ra and Da with a small 
contribution of aramid (1%) (see Figure S4).  
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Figure S4 Comparison between the DTG curves corresponding to MF and F prepared 
with blends of pure polymers and those obtained from the decomposition of MF and F 
separated from RF.  
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